Nitric oxide synthase-2 (NOS2) plays a critical role in reactive nitrogen species generation and cysteine modifications that influence mitochondrial function and signaling during inflammation. Here, we investigated the role of NOS2 in hepatic mitochondrial biogenesis during Escherichia coli peritonitis in mice. NOS2 −/− mice displayed smaller mitochondrial biogenesis responses than Wt mice during E. coli infection according to differences in mRNA levels for the PGC-1α coactivator, nuclear respiratory factor-1, mitochondrial transcription factor-A (Tfam), and mtDNA polymerase (Polγ Cys as a critical residue for Hsp60 S-nitros(yl)ation. Thus, the role of NOS2 in inflammation-induced mitochondrial biogenesis involves both optimal gene expression for nuclear-encoded mtDNA-binding proteins and functional regulation of the Hsp60 chaperone that enables their importation for mtDNA transcription and replication. © 2009 Elsevier Inc. All rights reserved.
In mitochondria, NO produces various effects on electron transport, including inhibition of Complex I by SNO protein formation and inhibition of Complex IV by the formation of NO-transition-metal complexes [15] [16] [17] . Respiration is inhibited by ONOO − [18] and by endogenous S-nitrosothiols, which S-nitros(yl)ate mitochondrial proteins [19] . Moreover, membrane SNO proteins, ordinarily reduced by glutathione, may persist when the mitochondrial glutathione pool becomes oxidized. Although excessive or prolonged NO exposure is proapoptotic [20] , physiological NO is antiapoptotic, in part through cGMP activity and caspase-3 inhibition [21] . NO also promotes antiapoptotic gene expression, e.g., mtHsp70 (mortalin) opposes oxidant-induced apoptosis [22] , and mitochondrial biogenesis [23] [24] [25] . The ambiguity of NOS2 as an immune defense factor led us to investigate its impact on hepatic mitochondria in gram-negative peritonitis in mice, in which hepatocellular injury is reflected by increases in serum transaminases, alkaline phosphatase, and total bilirubin, and the histology shows prominent inflammatory cell infiltration, microabscess formation, cholestasis, hepatocyte vacuolization, and autophagy [26, 27] . In this setting, hepatic NOS2 induction is a protective factor [28] , and we expected NOS2 −/− mice to demonstrate contrasting effects on mitochondrial equipoise because functional damage from NO would be opposed by activation of mitochondrial biogenesis. NOS2 −/− mice did develop multiple deficits, including limited up-regulation of several transcriptional regulatory elements for mitochondrial biogenesis, but, uniquely, showed an impaired S-nitros(yl)ation of Hsp60 that governed its interactions with mitochondrial Tfam, the major mitochondrial DNA transcription factor, and Polγ (A) and the catalytic core of the mtDNA polymerase. Thus, the work reveals the novel mechanistic principle that NOS2 facilitates Hsp60 chaperone interactions with the proteins required to maintain mtDNA transcription and replication after activation of the host antibacterial defenses.
Materials and methods

Mouse studies
The studies were conducted in 20-to 25-g male mice on a protocol preapproved by the Duke University Institutional Animal Care and Use Committee. Wt C57BL/6J and inbred genetically engineered NOS2 −/− mice on a C57BL/6J background were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and maintained in a pathogen-free barrier facility. Live bacteria were grown from lyophilized Escherichia coli (serotype 086a:K61; American Type Tissue Culture Collection, Rockville, MD, USA), quantified as described [29] , and either implanted in a fibrin clot into the peritoneum [30] or heatinactivated at 65°C and frozen at −80°C. Heat-killed E. coli were thawed once and diluted with sterile, endotoxin-free NaCl to a concentration of 1 × 10 8 /ml and 0.5 ml was injected into the peritoneum. The mice also received 1.0 ml of 0.9% NaCl subcutaneously when the bacteria were administered.
Mitochondrial isolation
Liver mitochondria were prepared by two methods. For respiration studies, liver homogenates prepared using a Dounce homogenizer were centrifuged at 1000 g for 10 min and the supernatants placed on a 0.25% sucrose cushion and centrifuged at 15,000 g for 15 min. State 3 and State 4 respiratory capacity and respiratory control ratios (RCR) were measured at 35°C using calibrated Clark electrodes [31, 32] . Purified mitochondria were obtained from the liver homogenate by discontinuous Percoll gradient centrifugation using a method for highly coupled organelles [33] . The mitochondria-rich band at the interface between Percoll layers was harvested, collecting organelles of the same density. Mitochondria were washed once, resuspended, and placed on ice. Mitoplast and outer membrane fractions were prepared using the method of Greenawalt [34] . Nuclei were obtained from liver homogenates by centrifugation at 1000 g for 20 min and then through 1.75 M sucrose at 40,000 g for 1 h. Protein content was determined using bicinchoninic acid with BSA as a standard (Pierce, Rockford, IL, USA).
Nuclear expression of mitochondrial genes
Cytoplasmic RNA was extracted with TRIzol RNA isolation kits (Invitrogen, San Diego, CA, USA) [31] . Total RNA (1 μg) was reversetranscribed using oligo(dT) or with gene-specific primers for mouse NADH dehydrogenase subunits 1 (ND1) or cytochrome b. Real-time RT-PCR was performed on the ABI Prism 7000 using the SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA). After PCR, the samples were subjected to melting curve analysis. The threshold cycle (C t ) was determined in the exponential phase and a ΔC t method used to quantify mRNA levels for cytochrome b, ND1, NRF1, NRF2α, PGC-1α, Polγ, Tfam, and NOS2. Amplification efficiency was checked with an internal 18S rRNA reference over a range of 0.9-90 ng of RNA and gene expression was quantified using ABI Prism 7000 SDS software. Each sample was assayed in triplicate and the mean values are reported.
Mitochondrial DNA copy number
MtDNA was isolated from purified mitochondria and copy number quantified by real-time PCR on a 7700 sequence detector system (Applied Biosystems). Amplifications were performed on 10 ng total mtDNA using primers designed for cytochrome b (cyt b-s and cyt b-as) with ABI Probe Design software (Applied Biosystems). One copy of linearized pGEMT-cyt b vector was used as a standard for simultaneous mtDNA quantification [35] . The cytochrome b probe, 5′-FAM-TTCCTCCACGAAACAGGATCAAA-TAMRA-3′, contained FAM (6-carboxyfluorescein) at the 5′ end, as a fluorescent reporter dye, and at the 3′ end, TAMRA (6-carboxytetramethylrhodamine) as a quencher dye selected from a highly conserved region of the mouse cytochrome b gene. Serial dilutions of 10 5 to 10 10 copies of the cytochrome b plasmid were prepared to establish the standard curve. Samples were tested in triplicate for mtDNA at 1:100 and 1:1000 dilutions and the number of mtDNA copies was determined relative to known standards and expressed on a log scale.
Western analysis
Total, nuclear, and mitochondrial proteins were separated by SDS-PAGE and transferred to polyvinylidene difluoride membranes [35] . Membranes were incubated with validated polyclonal rabbit antibodies against mouse PGC-1α, NRF1, Tfam, and Polγ [31] or with antibodies to caspase-3 (Cell Signaling, Beverly, MA, USA), SOD2, or NOS2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA). β-Actin was used as a loading control for total or nuclear protein and anti-porin for mitochondrial protein (Sigma, St. Louis, MO, USA). After five washes in Tris buffer with Tween20 (TBST), the membranes were incubated in horseradish peroxidase (HRP)-conjugated goat anti-rabbit or antimouse IgG (Amersham, Arlington Heights, IL, USA). Blots were developed using enhanced chemiluminescence (ECL) and protein quantification was performed on digitized images in the mid-dynamic range and expressed relative to the loading control.
Apoptosis assay
For in situ apoptosis studies, the anti-caspase-3 antibody (Cell Signaling) was used. After perfusion-fixation with 10% formalin, processing, and sectioning, apoptosis was assessed using the TUNEL assay kit and the manufacturer's instructions (Promega, Madison, WI, USA). Alexa Fluor 594-labeled streptavidin was used to develop the signal for labeled nuclei. Photomicrographs were taken on a Nikon Eclipse 50i fluorescence microscope at 400× and the number of apoptotic nuclei was counted per 100 hepatocytes.
Immunoblotting/immunoprecipitation
Mitochondrial proteins (100 μg) were incubated overnight at 4°C with 1 μg of Hsp60 antibody (Santa Cruz) or preimmune serum (negative control) followed by 2 h with 20 μl of protein A-Sepharose beads (Santa Cruz; prewashed and suspended 1:1 in phosphatebuffered saline). After incubation, the beads were washed four times with lysis buffer, and the proteins were separated by SDS-PAGE, transferred to Immobilon-P (Millipore), and analyzed by immunoblotting with anti-Polγ, anti-Tfam, or anti-NOS2 antibodies (Santa Cruz). Horseradish peroxidase-conjugated secondary antibodies were applied and the signals developed with ECL. Hsp60 and Hsp70 coimmunoprecipitated proteins were checked by Western blotting with validated antibodies.
Biotin-switch labeling of SNO proteins
Liver mitochondria were prepared and processed for the biotinswitch assay under dark conditions by established methods [36] [37] [38] . The mitochondria (∼3 mg) were suspended in 1 ml HEN buffer (250 mM Hepes, 1 mM EDTA, and 0.1 mM neocuproine at pH 7.7), and fresh MMTS (methylmethane thiosulfonate) in N,N-dimethylformamide and SDS were added at final concentrations of 0.2 and 2.25%, respectively. The samples were incubated for 20 min at 50°C with frequent mixing before precipitation in cold acetone [36, 37] . For nitrosocysteine (CSNO) studies, 0 to 50 μM final CSNO was added to isolated mitochondria in 1.5 ml HEN buffer for 15 min at room temperature followed by MMTS/SDS and acetone precipitation. The precipitated protein was resuspended in 850 μl HENS, and fresh ascorbate (20 mM) and 0.4 mM biotin-HPDP (Pierce) were added for 1 h followed by precipitation, washing, and suspension in Laemmli buffer for SDS-PAGE. Biotinylation was detected with streptavidin-HRP (Amersham). Alternatively, the biotinylated proteins were suspended in 250 μl HEN plus 750 μl of neutralization buffer (20 mM Hepes, 100 mM NaCl, 1 mM EDTA, 0.5% Triton X-100) and precipitated overnight in 50 μl of prewashed streptavidin-agarose beads. The beads were washed five times in 600 μM NaCl neutralization buffer at 4°C and biotinylated proteins eluted in 50 μl elution buffer (25 mM Hepes, 100 mM NaCl, 1 mM EDTA, 100 mM mercaptoethanol) and heated in reducing buffer for 5 min at 95°C before SDS-PAGE. Western blotting was done with anti-Hsp60 or anti-Hsp70 (Santa Cruz). Gel loading was checked by Coomassie blue or silver staining.
Hsp60-expressing plasmids and mutagenesis
A Myc-DDK-tagged clone of the open-reading frame (ORF) of the human Hsp60 expression vector was obtained from Origen (RC201281). The Hsp60 ORF cloned in the pCMV6-Entry vector was expressed in mammalian cells as a tagged protein with C-terminal Myc-DDK tags (the same as FLAG). Mutant Hsp60 (mut-Hsp60) was created, in which 237 Cys in a nitros(yl)ation motif was replaced with alanine by mutagenesis using the QuikChange II kit (Stratagene, La Jolla, CA, USA) and mut-Hsp60 primers: sense (5′-CATCAAAAGGTCA-GAAAGCTGAATTCCAGGATGCCTATG-3′) and antisense (5′-CATAGG-CATCCTGGAATTCAGCTTTC TGACCTTTTGATG-3′). Rat H4IIE hepatoma cells were transfected at 50-70% confluence with Wt or mutant Hsp60 or empty vector using the FuGene system (Roche Biochemicals, Indianapolis, IN, USA) and then grown to 80-90% confluence. Wt and mut-Hsp60 cell and mitochondrial lysates were tested for protein expression using an anti-TAG antibody (Origene).
Control and mut-Hsp60-transfected H4IIE cells were treated with LPS + TNF-α (10 μM each) for 24 h and then washed with cold phosphate-buffered saline (PBS). The mitochondria were isolated and placed in lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 1 μg/ml leupeptin, 1 mM phenylmethylsulfonyl fluoride) at pH 7.4 for 20 min. The lysates (40 μg) were incubated overnight at 4°C with anti-FLAG antibody and then with protein A-agarose beads (Santa Cruz) for 2 h. The beads were washed twice in lysis buffer and twice in PBS, and eluted in SDS sample buffer for Western blotting with anti-Hsp60 or anti-Tfam.
Statistics
Grouped data are reported as means ± standard error. Statistical analysis was by computer software with Student's t test or ANOVA followed by Tukey's post hoc test as appropriate. The n values indicated in the figure legends are for independent replicates. Significance was P b 0.05 for all experiments.
Results
The fibrin-clot model Implantation of infected fibrin clots into the mouse peritoneum produces dose-dependent hepatic damage with focal necrosis and apoptosis by 24-48 h [30] . More pronounced and diffuse hepatic apoptosis was encountered in NOS2 −/− than in Wt mice, in which it was sporadic and closely associated with inflammatory foci (Fig. 1A) . By day 3, nonneutrophilic TUNEL-positive cell counts in control and infected Wt mice were 2.1 and 5.5%, respectively, whereas the counts in NOS2 −/− mice were 3.4 and 11.2%, respectively (P b 0.05 between strains). In NOS2 −/− mice, apoptosis involved caspase-3 activation (Fig. 1B) , and lethality was higher in NOS2 −/− mice than in Wt mice (Fig. 1C) . Because NOS2 −/− mice demonstrated early cell death and increased mortality, and differences in bacterial clearance in the mouse strains can have an impact on survival, we performed mechanistic studies with nonlethal heat-inactivated E. coli to eliminate this bias and improve the specificity for NOS2 effects by delta-function activation of Tolllike receptor-4 (TLR4) [29, 39] . mice showed lower mRNA levels than Wt mice for the mitochondrial transcriptosome proteins in the first 3 days after challenge. The differences in NRF1 and PGC-1α, which together regulate downstream Tfam and Polγ genes, were evaluated by nuclear Western analysis (Fig. 3A) . By gel densitometry, the nuclear accumulation of NRF1 and PGC-1α was significantly delayed in NOS2 −/− mice by at least 1 day (Fig. 3B ).
Mitochondrial function
The proliferation and function of liver mitochondria in Wt and NOS2 −/− mice were compared before and after E. coli administration in several ways. Because mtDNA damage can impair mitochondrial gene transcription, mtDNA content was measured by real-time PCR.
In both lines of mice, hepatic mtDNA copy number decreased at day 1 after E. coli, and Wt but not NOS2 −/− mice recovered by day 2 (Fig. 4A) . At day 3, the mtDNA deficit in NOS2 −/− mice remained significant, indicating clear differences between NOS2 −/− and Wt mice in the regulation of mtDNA copy number. To assess this difference, mRNA levels were assayed for two mtDNA-encoded genes, cytochrome b (Cyt b) and ND1. Cyt b and ND1 mRNA levels increased significantly in Wt but not NOS2 −/− mice, which is compatible with the differences in mtDNA content (Figs. 4B and 4C).
In the fibrin-clot live bacteria model, hepatic State 3 respiration improved significantly over 3 days for both NADH-and FADH2-linked substrates in Wt but not in NOS2 −/− mice (Fig. 4D) . RCR was in the range 4-8, and although NOS2 −/− mice showed a trend toward looser coupling at day 3, overall State 4 rates and respiratory coupling were not statistically different over the 3 days.
Mitochondrial proteins
The late recovery of mtDNA copy number in NOS2 −/− mice may have reflected different rates of nitrosative damage and/or capacity to replicate mtDNA, e.g., because of compromised mitochondrial protein importation. First, we evaluated NOS2 localization after infection by Western analysis of whole homogenates (Fig. 5A ) and liver mitochondria (Fig. 5B) and identified a significant fraction of the enzyme associated with mitochondria. As NOS2 lacks a known mitochondrial leader sequence, gentle digitonin stripping of the outer mitochondrial membrane was performed, and most of the enzyme was removed (Fig. 5C) .
Next, the quantities of the mtDNA binding proteins Tfam and Polγ were examined by Western blot relative to porin (VDAC), a stable outer membrane protein (Fig. 6A) . Unlike the mRNA levels, which in NOS2 −/− mice were only modestly below Wt levels, mitochondrial Tfam and Polγ increased in Wt but remained unchanged in NOS2 −/− mice. To assess mitochondrial oxidative stress, we checked hepatic SOD2 mRNA and mitochondrial protein levels and found that SOD2 mRNA levels increased by only ∼50% in both strains after E. coli and then recovered (Fig. 6B, left) . The mitochondrial SOD2 protein increased slightly more in Wt than in NOS2 −/− mice, but overall, the changes were less than twofold (Fig. 6B, right) . This discrepancy suggested that NOS2 influences mitochondrial protein importation, which was examined using mRNA and protein for two critical chaperones, Hsp60 (Fig. 6C ) and mtHsp70 (mortalin; Fig. 6D ). The mRNA levels for these chaperones were similar in Wt and NOS2 −/− mice after E. coli challenge, and protein expression was marginally increased relative to porin. Similar mitochondrial levels of both chaperones were detected in NOS2 −/− and Wt mice (Figs. 6C
and 6D); thus, differences in mitochondrial Hsp60 and Hsp70 protein regulation did not explain the failure of mitochondrial Tfam and Polγ to increase in NOS2 −/− mice. 
Fluorescence microscopy
Mitochondrial Hsp60 was localized by fluorescence microscopy of fixed liver sections in mitochondrial reporter mice that express GFP constitutively in the mitochondria. Control sections revealed a typical monotonic distribution of mitochondria and modest Hsp60 staining. At 24 h after E. coli administration, strong Hsp60 localization to mitochondria was present, as shown in Supplemental Figs. S1A and S1B (yellow). However, when 1400W was administered to inhibit NOS2 before E. coli challenge, the induction of Hsp60 was heterogeneous and the protein distribution did not effectively match that of mitochondria (Supplemental Figs. S1C and S1D, orange). These colocalization data provided evidence that NOS2 facilitates functional integration of Hsp60 into the hepatic mitochondrial system. 
NOS2-dependent Hsp60 association with Tfam and Polγ
Levels of several other antioxidant antiapoptotic proteins in mitochondria were checked, i.e., thioredoxin-2, thioredoxin reductase-2, and peroxiredoxin-3, which are also involved in mitochondrial NO transfer (Fig. 7A) . Mitochondrial protein levels for all three proteins increased on day 1 in Wt mice, but similar to Tfam and Polγ, did not increase in NOS2 −/− mice.
Mitochondrial protein-protein interactions among NOS2, Hsp60 (or mtHsp70), Tfam, and Polγ were evaluated by protein immunoprecipitation and Western analysis before and at 1 day after E. coli challenge. Anti-Hsp60 was used to precipitate mitochondrial proteins, and strong NOS2 coprecipitation was identified postchallenge ( Fig. 7B; top) . Hsp60 also associated with Tfam and Polγ in Wt mice, but this association was diminished in NOS2 −/− mice ( Fig. 7B; second and third rows). Analogously, Tfam and Polγ interacted similarly with Hsp70 protein (data not shown). By contrast, Hsp60 associated only weakly with SOD2, but SOD2 and Tfam strongly coprecipitated before and 1 day after E. coli in the mitochondria of both strains (Fig. 7C) .
Biotin-switch assays
The biotin switch demonstrated constitutive hepatic Hsp60 and mtHsp70 SNO protein formation, but after E. coli administration, SNO levels for both proteins increased only in Wt mice ( Fig. 8A; left) . In contrast, SNO levels were stable or actually declined in NOS2 −/− mice after E. coli (Fig. 8A) . In isolated whole liver mitochondria, the lowmolecular-weight NO donor CSNO fully S-nitros(yl)ated Hsp60 at 15 μM and Hsp70 at 50 μM CSNO ( Fig. 8A; middle) . Fig. 8A (right) also demonstrates that mitochondria of Wt control and NOS2 −/− mice generate ascorbate-dependent Hsp60 and Hsp70 SNO formation in vitro.
Site-directed mutagenesis and mitochondrial localization of Hsp60
After the conversion of 237 Cys to Ala in the Hsp60 KCE motif by site-directed mutagenesis, rat H4IIE hepatocytes were transfected with control or mutant Hsp60 (Fig. 8B ). Mitochondrial immunoprecipitation studies demonstrated that native Hsp60 associates with mitochondria and binds Tfam after NOS2 induction by LPS/TNF-α administration. However, mut-Hsp60-expressing cells demonstrated neither tagged mitochondrial Hsp60 nor Tfam binding despite the presence of endogenous NOS2 (Fig. 8B) . The inability of mut-Hsp60 to attach to mitochondria or bind to Tfam after NOS2 induction provided further evidence that the enzyme S-nitros(yl)ates Hsp60 and targets it to mitochondria.
Discussion
The role of NOS2 induction in the mammalian antibacterial defenses has been difficult to define since it became apparent that NO overproduction adversely affects outcome [7, 10] . The systemic release of enteric bacteria activates the innate immune response primarily through TLR4 and classical NF-κB signaling, which generates early phase inflammatory cytokines and induces NOS2 [29, 39, 40] . Although NOS2 causes deleterious vasodilation and hypotension, in the liver, a sentinel organ of host defense, and particularly in the Kupffer cell, NOS2 is protective. Here, NOS2 −/− mice demonstrated higher mortality in infective E. coli peritonitis compared with Wt mice as well as greater hepatic caspase-3 activation and apoptosis. Whether the mortality difference is related to mitochondrial damage is not clear, but the involvement of NOS2 in the prosurvival program of mitochondrial biogenesis is important because mtDNA depletion is associated with higher apoptosis rates in accordance with the known susceptibility to intrinsic apoptosis produced by a lack of NO [21] . NOS3 and NOS1 are known to participate in mitochondrial biogenesis, e.g., via cGMP-linked expression of the PGC-1α coactivator and its transcription factor partners; however, such a role for NOS2, apart from late transcriptional activation of the program in the heart in NOS2 −/− mice, has not been established [41] . Here NOS2 −/− mice displayed slower recovery of hepatic mtDNA copy number compared with Wt mice despite comparable early declines in copy number after E. coli challenge. Postchallenge mRNA levels for mitochondrial Cyt b and ND1 in NOS2 −/− mice also did not respond, implying that the low mtDNA copy number interfered with mtDNA transcription. This could explain the restricted capacity of NOS2 −/− mice to expand State 3 respiration rates compared with Wt mice, which has important implications for cell survival and organ failure, especially during continuing inflammatory stress. The initial phase of this study described the effects of NOS2 deficiency on the major nuclear transcriptional regulatory factors for hepatic mitochondrial biogenesis. NOS2
−/− mice did show modest induction of NRF1, NRF2 (GABPα), and PGC-1α, but the nuclear accumulation of NRF1 and PGC-1α protein was impaired. Any resulting NOS2-dependent differences in gene expression should contribute to a delay in recovery from organ damage; for instance, the delayed expression of Tfam and Polγ mRNA probably contributed to the lack of accumulation of these proteins in the mitochondria. In combination, these events would have a braking effect on the mtDNA transcription and replication necessary for mitochondrial biogenesis.
The disparity between Wt and NOS2 −/− mice in the mitochondrial content of the Tfam and Polγ mtDNA-binding proteins, despite the comparable early mtDNA depletion, implicated NOS2 primarily in mtDNA recovery rather than in mtDNA damage in this model. Moreover, mitochondrial thioredoxin-2 and peroxiredoxin-3 increased relative to porin in Wt but not NOS2 −/− mice, reflecting selective NO influences over mitochondrial protein composition [42, 43] . Mitochondrial SOD2 levels, however, were not appreciably affected, presumably indicating that superoxide leak rates and retrograde signaling for angiogenesis [44] and mitochondrial biogenesis were comparable in the two strains [45] . Functional linkage of NOS2 to the mitochondrial transcriptome is also implicit in the different ratios of the transcriptome proteins to porin, a reasonably stable outer membrane protein [46] . The strong imbalance in mitochondrial Tfam/Polγ protein levels between strains after E. coli is telling, as these proteins tripled in Wt mice but failed to increase in NOS2 −/− mice. A general interpretation of this observation is that mitochondrial protein importation for maintenance of mtDNA copy number is governed by NO availability. Mitochondrial proteins are imported in several ways, but matrix proteins usually require transit peptides that target preproteins to a translocase system spanning the outer and inner mitochondrial membranes [47] . This highly ordered system also incorporates the outer membrane sorting and assembly machinery and uses energy from ATP or from the transmembrane proton gradient. The translocase guides unfolded cytosolic preproteins inward via matrix chaperones, most importantly Hsp60 and mtHsp70, which are part of a poorly understood molecular motor [48] . Nonetheless, these chaperones clearly facilitate macromolecular assembly, including the initial folding as well as the refolding of polypeptides denatured by matrix stress. Mitochondrial chaperones are also distinctly probiogenesis and antiapoptotic, but if Hsp60 accumulates in the cytosol, it can promote apoptosis by interacting with caspase-3 [49] . Here, Hsp60 and Hsp70 mRNA levels increased after E. coli, but the protein levels remained stable or increased slightly in both strains, implying that lack of translation of these chaperones did not explain why NOS2 −/− mice failed to maintain mitochondrial transcriptome protein levels. NOS2 lacks a canonical mitochondrial leader sequence, but still associates periodically with mitochondria [50] and here, after E. coli exposure, was found loosely attached to mitochondria in amounts commensurate with those in total liver homogenate. NOS2 is active at the mitochondrion [50] , and we found it associated with differential enrichment of imported mitochondrial proteins. Immunoprecipitation studies indicated that mitochondria-associated NOS2 binds to Hsp60, and Hsp60 to Tfam and to Polγ, linking NOS2 to a functional mitochondrial transcriptome independent of any intrinsic mitochondrial NOS. In checking for Hsp60 binding to mitochondrial Tfam and Polγ, increased binding of both was found after E. coli in Wt, but not in NOS2 −/− mice. This finding, together with an inability of NOS2 −/− mice to increase mitochondrial Tfam and Polγ protein content, implicated NOS2 in the Hsp60 chaperone function for these transcriptome proteins; however, a detailed spatial understanding of NOS2 at the mitochondrial-cytosolic interface will require better resolution. It is reiterated that this does not require a matrix NOS [51, 52] , the presence of which is controversial [53] , but simply an association of NOS2 with the outer mitochondrial membrane. The comparative stability of Hsp60 and 70 mitochondrial protein levels suggested that NOS2 has a distributive role in the chaperone function. Like the other NOS isoforms, NOS2 is capable of S-nitros(yl) ation of appropriate proteins, although by biotin switch, constitutive S-nitrosyl-Hsp60 and -Hsp70 was detected that was quantitatively indistinguishable from Wt controls in NOS2 −/− mice. After E. coli, In conclusion, NOS2 factors into at least two aspects of mitochondrial biogenesis during the host response to E. coli infection. The first is the facilitation and appropriate timing of nuclear gene and protein expression for the NRF1 transcription factor and the PGC-1α co- activator, which among other genes regulate the nuclear-encoded expression of mitochondrial transcriptome proteins. Although the impact of NO regulation of mitochondrial biogenesis on organ function is not yet resolved, NOS2 clearly enhances S-nitros(yl)ation of Hsp60, which improves the mitochondrial targeting of the Tfam protein.
Conversely, failure to S-nitros(yl)ate Hsp60 interferes with intramitochondrial trafficking of the critical mtDNA binding proteins required for mtDNA maintenance. Therefore, we surmise that NOS2 induction supports mitochondrial function by ensuring mtDNA transcription and replication, which maintains and expands cellular respiratory capacity. By implication, interference with NOS2 after innate immune activation would limit the cell's ability to adjust its capacity for oxidative phosphorylation and predispose to apoptosis and organ dysfunction during progressive inflammation. 
